INTRODUCTION
Tubules are the fundamental units of structure for many organs in the body. The kidney is perhaps one of the best examples of an organ where tubular structure and function are so closely linked. Under normal conditions, the glomeruli filter 20% of cardiac output to produce approximately 180 l/day of filtrate. The renal tubules process this bulk flow to reclaim essential electrolytes and nutrients while excreting unwanted metabolic end-products and any excess salt, water or other electrolytes in a volume that may be ,1% of the original amount. Proper patterning of the tubule is essential for the integrity of this process. Luminal diameter is another key parameter. Too large a lumen could reduce the efficiency of filtrate processing and result in unregulated loss of essential molecules while too narrow a lumen could result in high intraluminal pressures with a subsequent rise in the hydrostatic pressure in Bowman's capsule and a decline in glomerular filtration and clearance. Therefore, knowing the factors that regulate the control of luminal diameter and determining the mechanisms by which they do so is fundamental to understanding kidney function.
Polycystic kidney disease (PKD) describes a heterogeneous collection of disorders that share abnormal tubular morphology as their common feature. The study of genetic forms of PKD provides a unique opportunity to define the molecular processes that determine tubular morphology. While there are many different disorders that may present with cystic kidneys, autosomal dominant polycystic kidney disease (ADPKD) and autosomal recessive polycystic kidney disease (ARPKD) are the most representative examples.
ADPKD and ARPKD are genetically distinct entities that are clinically more dissimilar than alike. ADPKD is common (affects approximately 1/1000), its cysts arise from any nephron segment and it is slowly progressive resulting in renal failure in approximately 50% by the sixth decade (1) . Hepatic cysts are its primary extra-renal manifestation while cardiovascular abnormalities are less common but more life-threatening (2) . The disease results from mutation of either of two genes, PKD1 and PKD2 (3, 4) . The two forms of ADPKD are nearly indistinguishable with overlapping clinical features, differing only in their severity. PKD1 encodes a large membrane protein that may function as an atypical G-protein coupled receptor (5) . PKD2 encodes the founding member of the transient receptor protein polycystin (TRPP) family of calcium channel proteins (4, 6, 7) . The two gene products, polycystin-1 (PC1) and polycystin-2 (PC2), are thought to form a receptor channel complex that localizes to the primary cilium (8, 9) . PC2 is also present in the endoplasmic reticulum (ER) where it may function as either a calcium release channel or a regulator of the 1,4,5-trisphosphate receptor (IP 3 R) (10) . Molecular genetic studies of human samples suggest that the disease is recessive on a cellular level, likely explaining the focal nature of cyst formation and the variable clinical presentation (11, 12) .
ARPKD, on the other hand, has an estimated incidence of approximately 1:20 000 live births, presents primarily in infancy and childhood, and is typically more severe than ADPKD (13, 14) . A significant proportion of affected newborns are born with massively enlarged, cystic kidneys and die in the perinatal period from respiratory failure due to hypoplastic lungs. Unlike in ADPKD, the cystic kidneys retain their reniform shape and the cysts are fusiform dilatations mainly of the collecting ducts that radiate from the renal papilla to the cortex (15) . Affected individuals who survive the neonatal period have a variable course. Most develop hypertension and have progressive renal impairment that requires renal replacement by adolescence. Survivors have a spectrum of other problems of variable severity due to ductal plate malformations of the liver, choledochal cysts, ascending cholangitis and growth retardation (16 -18) . All typical forms of ARPKD, including perinatal and late onset, result from mutations at a single locus, PKHD1 (19, 20) . The human gene is large (approximately 500 kb) and encodes a complicated set of alternatively spliced RNA transcripts that are most highly expressed in kidney. A 67-exon mRNA transcript of approximately 13 kb encodes the longest predicted open reading frame (4074 amino acids). Mutations have been identified affecting most of the 67 exons. The protein, polyductin-1 (PD1, also known as fibrocystin), is predicted to be a type I membrane protein that contains multiple Ig-like, plexin, transcription factor domains (IPT) and parallel beta-helix repeats (PbH1) in its long, extracellular N-terminus (19, 20) . Several studies have localized the protein to the cilia/basal body and possibly other sub-cellular locations (21 -23) .
There are, however, occasional families with overlapping features of ARPKD and ADPKD. Some individuals with early onset ADPKD present with massive renal enlargement and neonatal respiratory failure, whereas other ADPKD families have congenital hepatic fibrosis (24, 25) . Conversely, there also are anecdotal reports of ARPKD children with intracranial aneurysms (26) and pancreatic cysts (L.G.W., unpublished data). These observations suggest that the two different forms of PKD may share some underlying pathogenic mechanisms. In support of this hypothesis, cystic kidneys of rodent models of both forms of PKD are reported to have similar abnormalities in cAMP activity and similar therapeutic benefit by treatment with V2-receptor antagonists (27, 28) . The proteins encoded by each of the genes implicated in these diseases have also been co-localized to the primary cilium (8,9,21 -23) . Finally, two recent studies have reported physical interactions between PC2 and PD1, mediated by kinesin-2 (29, 30) . Collectively, these findings suggest that their gene products may function cooperatively to regulate tubular morphology.
In order to better define the pathobiology of ARPKD and directly test this hypothesis, we generated a mouse model of ARPKD by gene targeting of the Pkhd1 locus. We now show that this model fully recapitulates the full spectrum of clinical features of human ARPKD and demonstrate epistasis between the Pkhd1 and Pkd1 loci through the use of genetic crosses.
RESULTS

Generation of floxed and mutant pkhd1 alleles
Since genotype -phenotype correlations done in humans indicated that bilineal truncating mutations were invariably associated with perinatal lethality (31,32), we generated a floxed allele of Pkhd1 (Pkhd1 ) by introducing loxP sites into introns 2 and 4 to allow regulated spatio-temporal mutation of the locus (Fig. 1A) . Three out of approximately 400 selected ES clones had proper targeting based on initial Southern blot analysis, but only one was found to have retained both loxP sites and to be correct using multiple probes. This clone was used to generate highly chimeric mice that produced 129Sv/C57Bl6 offspring carrying the targeted locus with very high frequency (Fig. 1B) . Pkhd1 flox3-4 homozygotes were born at the expected frequency and were healthy without apparent renal or hepatic disease at the oldest time point assayed (1y). We produced the Pkhd1 allele by crossing Pkhd1 flox3-4 mice to a line expressing Cre recombinase under the control of the Meox2 promoter (Fig. 1C) . RT-PCR analyses of Pkhd1 del3-4 tissues confirmed that Pkhd1 transcripts lacked exons 3 -4 but identified a number of alternatively spliced products, one of which links exons 2-6 with an intact open reading frame (Fig. 1D) . The translation product is predicted to include the signal peptide but lack an adjacent 123 amino acid fragment of the extracellular domain (Fig. 1E ). These data suggest that Pkhd1 del3-4 may be a hypomorphic allele rather than a true null. Pkhd1 del3-4 heterozygotes also are healthy and lack renal or hepatic disease. del3-4 homozygotes develop extra-renal disease of variable severity that recapitulates the human phenotype Initial crosses of Pkhd1 del3-4/þ yielded only approximately 29% of the expected number of liveborn Pkhd1 del3-4/del3-4 (18/252; 63 expected) with a subset of neonates subsequently succumbing to respiratory failure ( Fig. 2A) . Interestingly, none of the mice with perinatal respiratory failure had enlarged or cystic kidneys. The prenatal and perinatal lethality disappeared after selectively crossing viable Pkhd1 del3-4/del3-4 , suggesting an interaction with a major modifier linked to perinatal demise. Mutant homozygotes that survived the neonatal period universally had at least one other disease manifestation. All mutants developed ductal plate malformations with biliary duct proliferation, biliary cysts and mild to severe periportal fibrosis. These changes are characteristic of the ductal plate malformations seen in human ARPKD (33) . A subset of mice also developed choledochal cysts and ascending cholangitis (Fig. 3A) .
Pancreatic cysts were also very common, affecting 33.3% at !9 months of age (Fig. 3B) . The pancreatic cystic disease on occasion was extremely severe, sometimes associated with choledochal cyst and massive dilation of the pancreatic duct, reaching up to 6 cm of diameter in extreme cases. Severity and incidence of these extra-renal phenotypes increased over time, but only the liver phenotype was fully penetrant (Fig. 3C ). Growth retardation was another common problem, which was sometimes observed in mice with otherwise mild extra-renal disease (Fig. 2B ). It also preceded the onset of their renal disease (discussed below), suggesting that growth retardation might be a direct result of Pkhd1 mutation. of Pkhd1 (34), the majority of Pkhd1 del3-4/del3-4 mice also developed renal cystic disease of variable severity that worsened with age (Fig. 4) . The kidneys of most mice 6 months of age lacked visible cysts on gross exam. However, histopathological analyses revealed that a substantial fraction of these grossly normal kidneys, nonetheless, had dilated tubules (Fig. 4B) . Macroscopic renal cysts, which were present in only 13.7% of the mice at 3 months of age, were found in progressively larger fractions of older mice. The proportion of mice with severe cystic disease also steadily increased from approximately 10% of young mice to approximately 55% of older animals (Fig. 6B) . Cysts radiated from papilla to cortex (Figs 5 and 6) increasing the kidney volume (Fig. 6C ) in a pattern similar to that seen in human ARPKD. Using nephron segment-specific markers, we confirmed that the cysts were predominantly derived from the collecting duct and Thick Ascending Loop of Henle (TALH, Fig. 6D and Supplementary Material, Fig. S1 ) as has been reported for human ARPKD (15) .
Genetic interaction between the major loci responsible for ADPKD and ARPKD
To test the hypothesis that the Pkhd1 and Pkd1 gene products may function cooperatively in a common pathway, we set up a series of crosses between Pkhd1 del3-4 and Pkd1 b-gal null mouse models (35) . Double heterozygous mutants were born at the expected frequency and had normal kidneys, livers and pancreas (data not shown). On the other hand, the number of liveborn Pkhd1 del3-4/del3-4 , Pkd1 þ/2 double mutants was far lower than expected (Fig. 5A ). Hepatic abnormalities, pancreatic cysts and growth retardation also were present earlier and were more severe in the double mutants ( Fig. 5C and D) , though the pattern was similar to what had been observed in Pkhd1 del3-4/del3-4 mice. Mice born with the Pkhd1 del3-4/del3-4 , Pkd1 þ/2 genotype also had markedly more severe disease of the kidney than littermates with all other genotypes (Fig. 5) . The collecting ducts were dilated in a substantial fraction of double mutants at the time of birth (Fig. 5B) , and all had enlarged kidneys with macroscopic cysts that were predominantly derived from the collecting duct and TALH by the third month of life in a pattern identical to that seen in the severely cystic late-stage Pkhd1 del3-4/del3-4 murine kidneys ( Fig. 6A and D; Supplementary Material, Fig. S1 ). All double mutants died before reaching the ninth month of life (Fig. 6B) . Kidney volumes of the double mutants were more than 50% larger than those of the severely cystic Pkhd1 del3-4 homozygotes in the oldest surviving cohort for which comparisons were possible (Fig. 6C) . In all cases examined (N ¼ 11), the more severe phenotype appeared to be an accentuation of the underlying ARPKD phenotype rather than a super-imposition of Pkd1-mutant abnormalities ( Fig. 6D and Supplementary Material, Fig. S1 ).
The apparent genetic interaction between the Pkd1 and Pkhd1 loci could have multiple possible explanations. While background effects due to the use of mixed strains might theoretically confound the analysis, this is a very unlikely explanation for our findings since the double mutant phenotype was significantly different from that of littermates who were derived in a similar manner. It has been previously reported that there may be a PKD transcriptional network (36) . If such exists, Pkd1 could be downstream of Pkhd1 and mutations of the latter might result in further downregulation of Pkd1 expression. Two lines of evidence argue against this possibility. First, one might expect that the double mutants would have more Pkd1-mutant features rather than the exacerbation of the Pkhd1-mutant phenotype that was observed. Secondly, Pkd1 expression levels in tissues of double mutants are no different than those in tissues of other genotypes as assayed by quantitative PCR (qPCR; Fig. 6E ). An alternative possibility is that their gene products directly interact to form a molecular complex. del3-4/del3-4 mutants has severe growth retardation that is out of proportion to any other apparent organ dysfunction. In the top panel on left, gross external appearance of a wild-type and Pkhd1 del3-4/del3-4 mouse at P4. In right panels, gross anatomy (middle) and histopathology (far right) of the kidney (K), Liver (L) and pancreas (P, not present in middle) of the same mutant reveal little in the way of abnormal pathology. Below are representative examples of a normal and mutant P21 mouse with growth retardation as seen on gross exam (top) and by histopathological analysis of kidney (K), liver (L) and pancreas (P). Only mild ductal plate malformations were detected (arrow). Scale bars shown correspond to 1 mm (yellow) and 100 mm (green).
We tested for this possibility by co-expressing recombinant, epitope-tagged versions of polycystin-1 and polyductin in human embryonic kidney cells (Hek293) and testing for co-precipitation. Neither molecule was capable of bringing down the other using C-termini tags (data not shown). Our findings are more consistent with an indirect relationship between the two gene products, either by functioning cooperatively in a linear pathway or independently in pathways that converge to regulate tubular morphology.
DISCUSSION
We have developed the first mouse model of human ARPKD that fully recapitulates all of the latter's key features, including PKD. These results are in striking contrast to what has been previously reported for another Pkhd1 mutant mouse line with targeted deletion of exon 40 (34) . Homozygotes for the latter developed pathology limited to the hepatobiliary system. Our model develops a wide spectrum of clinical features and provides the first direct evidence that mutation of Pkhd1 is sufficient to cause renal cystic disease in mice. The results of the two studies suggest that various organs have different requirements for specific exons, consistent with our previous studies that suggested alternative splicing is likely to be a functionally important aspect of Pkhd1 biology (37) .
Respiratory insufficiency is a major cause of neonatal death of ARPKD infants. The prevailing wisdom is that this problem is an indirect consequence of the renal cystic disease, in part because the greatly enlarged kidneys impair lung expansion and in part because of the associated oliguria. Fetal urine production is thought to be a major source of amniotic fluid and the latter is required for proper lung development. The observation that our mutant mice develop respiratory insufficiency in the absence of significant renal disease suggests that the Pkhd1 gene product may have a primary function in the del3-4/del3-4 mouse showing cystic dilation of biliary ducts and dysplastic ducts (b1, hematoxylin-eosin staining) and periportal fibrosis (b2, Masson-trichrome). These changes are characteristic of the ductal plate malformations seen in human ARPKD. Acute ascending cholangitis (black arrow, b3) and cholecystitis also are seen (white arrow, b3). Scale bars correspond to 50 mm (black). (B) Cystic disease of the pancreas was variably present and on occasion extremely severe. Top panel shows a gross external appearance of a 6-month-old Pkhd1 del3-4/del3-4 mouse with severe pancreatic cystic disease (black arrow) and choledochal cyst (white arrow). Representative histopathology of pancreas stained with hematoxylin/eosin (H&E) and Masson-trichrome showing massive dilation of the pancreatic duct, peri-ductule fibrosis (blue staining) and remnant acini. Scale bars shown correspond to 1 mm (yellow) in the top and 50 mm (black) in the lower panel. (C) Frequency of various phenotypes present on gross exam at different ages from a total of 165 Pkhd1 del3-4/del3-4 mutant mice. Liver phenotypes include macroscopic cysts and ascending cholangitis. The common bile duct was defined as cystic when the lumen was 3-10-fold larger than the normal diameter, and severely cystic when more than 10 times. pulmonary system. Because Pkhd1 del3-4 mutant mice do not develop severe renal disease until later in life, this model can for the first time be used to distinguish primary versus secondary effects resulting from Pkhd1 mutation. The floxed allele is a particularly useful feature that can be exploited to allow regulated mutation of the locus.
A substantial proportion of the Pkhd1 del3-4 mutant mice also were significantly growth-retarded. This finding is commonly associated with human ARPKD but is generally attributed to the well-known adverse effects of renal disease on body growth (18, 38) . We now show that this problem can occur in mice prior to the onset of significant renal disease, excluding the latter as the underlying explanation. Growth retardation in these animals is also unlikely to be secondary to the disease of the biliary tract or pancreas since a substantial fraction of the growth-retarded mice had only minimal or mild disease of these organs. We note that our findings are consistent with two previously published clinical reports that described ARPKD children with growth abnormalities discordant with their renal phenotype (14, 39) . Collectively, these data indicate that Pkhd1 may play a more direct role in the control of body growth, and the Pkhd1 del3-4 line of mice will be a useful genetic tool for studying the pathobiology of this process.
Another feature common to our model and human ARPKD is the clinical variability with which it presents. In humans, this has been in part attributed to the pattern of mutation (31, 32) . For example, we have previously shown that bilineal truncating mutations are invariably associated with severe disease. In the Pkhd1 del3-4 mouse model, all affected mice have an identical mutation, excluding this factor as an explanation. Because the mutant allele gives rise to a set of alternatively spliced transcripts, it is theoretically possible that differences in the splicing pattern could account for the observed phenotypic variability. However, we have compared the pattern of Pkhd1 splicing in tissues of severely cystic versus non-cystic Pkhd1 del3-4 mutants and found that they were no different. Therefore, we think genetic modifiers likely account for much of the variability. There is strong evidence that multiple loci can influence disease expression in other rodent models and they have been postulated as likely relevant for human disease as well (40) . Congenic lines bearing the Pkhd1 del3-4 mutation will be useful for identifying key factors that modulate polyductin's function in utero, in the developing respiratory system, and in the regulation of tubular structure and body growth.
One benefit of having the exon 3-4 deletion result in a hypomorphic allele rather than a true null is that the former often results in a sensitized pathway that is highly susceptible to modest perturbation of other pathway factors. Hypomorphic alleles have been used to great effect in simple model organisms like Drosophila to identify potential pathway partners by testing for genetic epistasis with candidate loci in either a directed fashion or by a non-specific mutagenesis screen. We have used the former approach to show that Pkd1 can be a major modifier of Pkhd1 disease expression in mice. Our findings suggest that variants at the PKD1 locus could potentially be important modifiers of ARPKD disease severity The kidney phenotype was classified based on its gross appearance: non-cystic, cystic (,10 macroscopic cysts) and severely cystic (.10 cysts). (B) Histopathology confirmed the presence of cysts (lumen .3X that of a normal tubule) in the second and third groups. Two subcategories were defined in the non-cystic group based on their histopathology: kidneys with dilated tubules (lumen 1-3X that of a normal tubule) and kidneys with tubules with normal diameter. Representative examples are shown from 6-month (non-cystic and cystic) and 9-month-old mice (severely cystic). (C) Gross examination at different ages indicated that the frequency and severity of the kidney phenotype increases with the age in the Pkhd1 del3-4/del3-4 mutant mice. (D) Renal volume correlated with gross phenotype and was significantly higher in the severely cystic group at 6 months of age.
ÃÃ P , 0.005 using the two-tail t-test.
in humans. Our data also prompt speculation as to whether variants of PKHD1 might explain the occasional individual with ADPKD and congenital hepatic fibrosis or a severe, neonatal presentation.
In conclusion, these studies are the first to show genetic interaction between the major loci responsible for human ADPKD and ARPKD. Our data strongly support the hypothesis that their respective gene products function cooperatively in a common pathway to maintain tubular integrity.
MATERIALS AND METHODS
Generation of the pkhd1 exons 2-4 targeting construct
We assembled the targeting construct from four fragments. The approximately 5.0 kb 3 0 end of the construct was generated by PCR using a forward primer based in intron 4 and a reverse primer in intron 5. The forward primer included the sequence of a naturally occurring SacII restriction site. The amplified fragment was cloned into the Topo II vector (Invitrogen). A second genomic product of 1.2 kb containing exons 2-3 was amplified using a forward primer in intron 2 that contained sequence for a synthetic XbaI site at its 5 0 end and a reverse primer based in intron 3 that included the sequence of the same SacII site described above. This fragment was then added to the 5 0 end of the construct by cloning into the SacII site. A Pgk-Neo selection cassette flanked by FRT sites and a single loxP site [gift of Dr Gail Martin (41)] was then cloned into the single SacII site. A final 3.0 kb genomic fragment was amplified using a forward primer in intron 1 and a reverse primer in intron 2 that included sequence for a synthetic XbaI site at its 5 0 end. This fragment was then added to the rest of the targeting construct. In the final step, the construct was linearized at the XbaI site, blunt-ended; and then a blunt-ended fragment containing a single loxP site was ligated to the targeting construct. The entire insert was sequenced and verified to be correct with the loxP sites in the correct orientation. Primer sequences were available upon request.
Electroporation of embryonic stem cells and selection of homologous recombinant clones
The linearized construct was electroporated into 129SvEv ES cells and 400 clones were isolated (Ingenious Targeting Laboratory, Stony Brook, NY). Two clones were identified , Pkd1 þ/2 mice. Cysts radiated from papilla to cortex and were derived from distal tubule and collecting ducts in a pattern similar to that seen in human ARPKD and in severely cystic, late-stage Pkhd1 del3-4/del3-4 murine kidneys (Fig. 4B). (B) The incidence of the severely cystic phenotype was markedly increased in double mutant mice at all time points. All Pkhd1 , Pkd1 þ/2 double mutants had an identical staining pattern, suggesting an accentuation of the underlying ARPKD-like phenotype. Scale bars correspond to 10 mm and 50 mm. (E) Ratio of expression level of Pkd1 and Pkd2 in experimental versus control (wild-type) kidneys of 6-month-old mice as measured by qPCR. All reactions were done in triplicate using samples from three mice for each genotype. Data were normalized to 18s RNA levels and then presented relative to the mean level of Pkd1 and Pkd2 in wild-type specimens. All comparisons were based on littermate controls.
by Southern blotting as having correct integration without rearrangement or duplication, and only one of the two had retained both loxP sites. The ES clone was injected into C57Bl6 blastocysts to produce highly chimeric male and female mice. The clone was expanded and used to generate highly chimeric animals that transmitted the targeted allele (Pkhd1 flox3-4 ) with high frequency in test crosses to C57Bl6 mice.
Mouse lines
Highly chimeric male mice were crossed to 129SvEv females to produce the Pkhd1 Tm1Ggg (Pkhd1 flox3-4 ) mouse line. The Pkhd1
Tm1.1Ggg line (Pkhd1 del3-4 ) was generated by crossing Fig. S2 ). All studies were performed using protocols approved by the University Animal Care and Use Committee, and mice were housed and cared in pathogen-free facilities accredited by the American Association for the Accreditation of Laboratory Animal Care and meet federal (NIH) guidelines for the humane and appropriate care of laboratory animal.
Genotyping
Genomic DNA was isolated and genotyped using the REDExtract-N-Amp tissue PCR Kit (Sigma) according to the manufacturer's protocols, using a 3-primer PCR strategy (Fig. 1A) with the following primers: (primer-a) M/loxP-F: GGG AAG CAG AAA TTC AGG; (primer-b) M/loxP C2R: AGA TGA AGC ACG GAT CAG TGG G; (primer-c) PgkNEO-R1: GCT CAT TCC TCC CAC TCA T. Pkhd1 wildtype, Pkhd1 flox3-4 and Pkhd1 del3-4 alleles were identified in 2% 3:1 NuSieve agarose gels as 185-, 254-and 361-bp products, respectively (Fig. 1C) . Details regarding PCR conditions are available upon request. Genomic Southern blots of tail and ES cell DNA (10 mg/sample) were prepared using standard techniques and probed with P 32 -labeled probes generated using gel-purified fragments of cloned DNA.
Reverse transcription -polymerase chain reaction
Total RNA was isolated from kidney tissues using the Qiagen RNA extraction kit. We determined RNA concentration by spectrophotometry (NanoDrop) and then used 5 mg of total RNA for first strand cDNA using Superscript II (Invitrogen).
We used one-tenth of the final product as template for PCR amplification of Pkhd1 transcripts (Platinum HiFi, Invitrogen) using the following primers: (primer-d) MG/Exon 2 F: GTC TCT CTG CTG AGT ATG G, (primer-e) MG/Exon 6 R: CCA CTT GCT GGG TAA ACT.
Histopathology
Kidney, liver and pancreas specimens from neonate and adult animals were collected and immediately fixed in 4% paraformaldehyde (PFA) at 48C overnight. To remove the excess of PFA, samples were washed in water for 2 h, dehydrated in 50% ethanol for 2 h and 70% ethanol for 2 h and then stored at room temperature in 70% ethanol. Following rehydration in water for 2 h, all samples were dehydrated in a graded alcohol series and embedded in paraffin for histological analysis. Gross pictures of the specimens were taken with the Nikon Coolpix 995 digital camera. We established a tissue phenotype classification according to the organ's gross appearances. Kidney phenotype was classified as non-cystic, cystic (,10 cysts) and severely cystic (.10 cysts). The non-cystic group was sub-classified microscopically as non-dilated and dilated (when the lumen was between three and five times the diameter of a normal tubule). The common bile was classified as cystic (when the bile duct lumen was between 3-and 10-fold larger than the normal diameter) and severely cystic (more than 10 times the normal diameter). Liver phenotype included macroscopic cysts and ascending cholangitis. Hematoxylin/eosin (H&E) and Masson-trichrome stains were applied using standard protocols. Kidney volume measurements were developed using the Sherle method (43) .
Immunofluorescent staining
For immunolabeling, tissues were fixed, sectioned and stained as previously described (35) . Antibodies to Aquaporin-2 (rabbit a-AQP2, 1:500, a gift from M. Knepper) and TammHorsfall protein (rabbit a-THP, 1:500, a gift from J.R. Hoyer) were incubated overnight at 48C. Secondary antibodies were conjugated to cyanine 3 and were used at 1:300 (Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA). For each antibody, specificity was confirmed using negative control slides omitting primary antibody. Indirect fluorescence microscopy was performed using a Nikon Eclipse E600, and images were captured using a SPOT-RT monochromic camera (SPOT Diagnostic Instruments).
Real-time quantitative PCR analysis
We isolated the kidney RNA and generated cDNA as previously described. We developed the qPCR analysis on an AB Prism 7900HT sequence detection system according to the manufacturer's methods using primers designed by Applied Biosystems (Pkd1 Mm00465434_m1; Pkd2 Mm00435829_m1; 18S Hs99999901_s1). We used 50 ng of cDNA template for each reaction and performed each in triplicate for each of three different samples/genotype. Data were normalized to 18s RNA levels and then presented relative to the mean level of Pkd1 and Pkd2 in wild-type specimens. We intentionally used primers located in the boundary of exon 1 and 5 0 region of exon 2 to detect possible transcriptional modifications by the Pkhd1 del3-4 allele (Supplementary Material, Fig. S2A ).
